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COMMENTARY
Integrating Genomics into Healthcare:
A Global Responsibility
Zornitza Stark,1,2,3 Lena Dolman,4,5 Teri A. Manolio,6 Brad Ozenberger,7 Sue L. Hill,8 Mark J. Caulfied,9
Yves Levy,10 David Glazer,11 Julia Wilson,12 Mark Lawler,13 Tiffany Boughtwood,1,2
Jeffrey Braithwaite,1,14 Peter Goodhand,4,5 Ewan Birney,4,15 and Kathryn N. North1,2,3,4,*
Genomic sequencing is rapidly transitioning into clinical practice, and implementation into healthcare systems has been supported by
substantial government investment, totaling over US$4 billion, in at least 14 countries. These national genomic-medicine initiatives are
driving transformative change under real-life conditions while simultaneously addressing barriers to implementation and gathering
evidence for wider adoption.We review the diversity of approaches and current progress made by national genomic-medicine initiatives
in the UK, France, Australia, and US and provide a roadmap for sharing strategies, standards, and data internationally to accelerate
implementation.Introduction
Five years ago, genomic sequencing
was restricted to the research environ-
ment. Now, it is increasingly used in
clinical practice, and over the next
5 years, genomic data from over
60 million patients is expected to
be generated within healthcare.1 But
are our health systems ready for
the complexity, volume, and respon-
sibility associated with genomic
medicine and the imperative to
share clinical, epidemiological, and
genomic data on a global scale to
optimize the benefits for the individ-
ual? Genomic sequencing is a trans-
formative technology, and effective
integration in healthcare requires sys-
tem-wide change.2 Beyond the tech-
nical requirements of establishing
sequencing and bioinformatics capac-
ity to process samples, the real barriers
to widespread clinical implementa-
tion span diverse domains, including
data integration and interpretation,
workforce capacity and capability,
public acceptability and government
engagement, paucity of evidence
for clinical utility and cost effective-1Australian Genomics Health Alliance, Melbourn
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sues.3,4 Frameworks for implementing
genomic-medicine programs in single
institutions and multi-institution col-
laboratives are available,2,5 but infor-
mation on translating this experience
to transform whole healthcare sys-
tems is scarce.
This is an international endeavor.3
Since 2013, the governments of
at least 14 countries have invested
over US$4 billion in establishing na-
tional genomic-medicine initiatives
to address implementation barriers
and transition testing from centers of
excellence to mainstream medical
practice (Figure 1 and Table S1). In
countries such as the UK, France,
Australia, Saudi Arabia, and Turkey,
workforce and infrastructure develop-
ment has been coupled with testing
large numbers of patients with rare
diseases and cancer, two applications
of genomic sequencing expected to
have immediate clinical benefits.
These ‘‘proof-of-principle’’ programs
are driving change and fostering
adoption among stakeholders under
real-life conditions while simulta-e VIC 3052, Australia; 2Murdoch Children’s Rese
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The American Journal of Humaneously gathering evidence for wider
implementation. Other countries
such as the US, Estonia, Denmark,
Japan, and Qatar have invested
in population-based sequencing pro-
jects with return of results to partici-
pants, whereas national initiatives in
Switzerland, the Netherlands, Brazil,
and Finland are primarily focusing
on the development of infrastructure,
such as common standards and data-
sharing policies and platforms. These
projects will potentially be dwarfed
by the China Precision Medicine
Initiative: a 15-year, CNU60 billion
(US$9.2 billion) project aiming to
sequence 100,000,000 genomes by
2030.
Here, we illustrate the diversity
of approaches and current progress
made toward meeting the challenges
of integrating genomics into main-
stream healthcare at a national
level by focusing on the UK, France,
Australia, and US, as well as pro-
vide a roadmap for sharing tools,
strategies, data, and standards inter-
nationally to accelerate implemen-
tation.arch Institute, Melbourne VIC 3052, Australia;
or Genomics and Health, 661 University Avenue,
nue, Suite 510, Toronto, ON M5G 0A3, Canada;
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Figure 1. Map of Currently Active Government-Funded National Genomic-Medicine InitiativesUnited Kingdom
The UK has a single-payer national
healthcare system: the National
Health Service (NHS). Genomics En-
gland (GEL) was established in 2013
with »300M (US$415M) in govern-
ment funding and a mandate to
sequence 100,000 genomes from pa-
tients with over 100 rare diseases and
seven commoncancers, aswell as their
family members.6 This sequencing
target was met in December 2018.
The majority of rare-disease testing
(the exception being that for late-
onset adult disease) uses a trio-based
approach to optimize large-scale data
interpretation. A separate pathogen
sequencing project is underway at
Public Health England, and Health
Education England is delivering 700
person-years of educationand training
to increase workforce capacity and
capability.
GEL has established centralized
infrastructure for the delivery of
diagnostic whole-genome sequencing
(WGS) services, including an NHS
Genomic Sequencing Centre in part-
nership with the Wellcome Trust
and Illumina, a standardized bioinfor-
matics and analysis pipeline, a bio-14 The American Journal of Human Geneticsrepository, and a data center. NHS
England has established 13 Genomic
Medicine Centers to identify, acquire
consent from, and enroll participants
in the project; collect high-quality
DNA samples, including the establish-
ment of new pathways for processing
fresh and fresh frozen tumor DNA;
provide clinical information to facili-
tate data analysis; and be respon-
sible for the interpretation and clin-
ical actionability of final results.
Genomic data are linked to health
records in partnership with NHS
Digital and are available to researchers
and industry through the Genomics
England Clinical Interpretation Part-
nership (GeCIP) and the Discovery
Forum. Genomic-medicine initiatives
have been funded in Scotland,
Wales, and Northern Ireland (»6M
[US$8M], »6.8M [US$9M], and »3.3M
[US$4.6M], respectively) to establish
local clinical and laboratory genomics
infrastructure and recruit participants
for the 100,000 Genomes Project.
The 2016 annual report of England’s
Chief Medical Officer (‘‘Generation
Genome’’) called for the transforma-
tion of patient care through the sys-
tematic use of genomics and made 24104, 13–20, January 3, 2019recommendations addressing further
changes needed inNHS infrastructure,
data sharing, governance, research,
and clinician training.7 The NHS
Genomic Medicine Service (GMS)
was launched in October 2018 with a
mandated test directory linking WGS
for defined rare diseases and cancers
to reimbursement. A new national
network of Genomic Laboratory
Hubs is being established, and WGS
provision, data, and informatics infra-
structure are delivered in partnership
with GEL. The recent UK Life Sciences
Sector deal, the »65M (US$92.5M) in-
vestment by Health Data Research
UK inaUK-wide collaborativenetwork
to facilitate the integration of health
and data science, and the recent
government announcement of plans
to sequence 5,000,000 genomes in
the next 5 years in the clinical and
research environments are expected
to further strengthen UK’s leadership
in genomics.
France
France has a healthcare system based
on government-funded national
health insurance. The French Plan
for Genomic Medicine 2025 (Plan
France Me´decine Ge´nomique 2025)
was commissioned by the prime min-
ister in 2015 and developed by Avie-
san (the French National Alliance for
Life Sciences and Health) in 2016. It
aims to integrate genomic medicine
into healthcare and establish a na-
tional genomic-medicine industry
that promotes innovation and eco-
nomic growth. Of the V670M
(US$822M) invested in the first
5 years, around V230M (US$282M)
will come from industry. Genome
sequencing will be performed by 12
ultra-high-throughput services, two
of which will be launched in 2018.
A national data-analysis facility (Col-
lecteur Analyseur de Donne´es) will
interpret and store data and interface
with other national and international
databases. Based at academic centers
of excellence, a reference center for
innovation, assessment, and transfer
(Centre de Re´fe´rence, d’Innovation,
d’Expertise et de Transfert [CRefIX])
will develop procedures, tools, and
technologies and will also be respon-
sible for implementation, commis-
sioning, and workforce training.
CrefiX is already operational and has
launched the first clinical pilot pro-
jects in rare disease, cancer, common
disease (diabetes), and a population
cohort to test technological, clinical,
and regulatory barriers to implemen-
tation. It is anticipated that 10,000 in-
dividuals will be recruited into the
initial pilot projects, and France will
be capable of sequencing 235,000
genomes per year by 2020, corre-
sponding to 20,000 patients with
rare disease and 50,000 patients with
metastatic or refractory cancer.Australia
Australia has a national health sys-
tem, but clinical and laboratory ge-
netics services are funded by the six
state and two territory governments.
Thus, the approach to implementing
genomic medicine has been based on
the ‘‘federation’’ of existing state-
based services with the engagement
of state and federal governments in
the development of a National Health
Genomics Policy Framework.8Australian Genomics was estab-
lished in 2014 as a research partner-
ship of 78 organizations, including
diagnostic laboratories, clinical ge-
netics services, and research and aca-
demic institutions. It was awarded
AU$25M (US$19.2M) by the National
Health and Medical Research Council
in 2015 to demonstrate the value and
practical strategies for implementing
genomics into healthcare, and it lever-
ages AU$100M (US$76.8M) from
state-based funding for genomics pro-
grams.
AustralianGenomics comprises four
research programs: (1) national diag-
nostic and research network; (2) na-
tional approach to data federation
and analysis; (3) evaluation, policy,
and ethics; and (4) workforce and
education. Currently over 40 rare-
disease and cancer flagship projects
across 30 clinical sites provide experi-
ential learning while prospectively
evaluating diagnostic and clinical
utility, cost effectiveness, and new
approaches to service delivery and
comparing different sequencing
modalities, including WGS, whole-
exome sequencing (WES), RNA
sequencing, and large capture panels.
The majority of rare-disease testing
uses a singleton approach to optimize
resource use. Although sequencing,
bioinformatic analysis, data interpre-
tation, reporting, and storage remain
the responsibility of diagnostic labora-
tories, Australian Genomics is devel-
oping frameworks for ordering tests,
acquiring consent, and capturing
phenotypes; developing a federated re-
pository of genomic and phenotypic
data compliant with Global Alliance
for Genomics and Health (GA4GH)
standards; and enabling global data
sharing through Beacon,9 Match-
maker Exchange,10 and ClinVar.11
There is active engagement with pa-
tient advocacy groups, and a joint
committee has been established with
the Australian Digital Health Agency
to integrate genomic test results into
the national electronic health record
(MyHealth Record).
Evaluation data are already avail-
able from several rare-disease flagship
projects, indicating that genomicThe American Journal of Humasequencing not only increases diag-
nostic yield but also has the potential
to reduce diagnostic costs while
improving short-term patient man-
agement and longer-term patient and
family outcomes.2,12–16 TheAustralian
federal government has recently
committed AU$500M (US$372M)
over 10 years for a Genomics Health
Futures Mission to support new and
expanded clinical studies in rare dis-
ease, cancer, and complex conditions;
early access to clinical trials; and
community dialog to understand the
privacy, legal, social, and familial af-
fects of genomics. Two initial projects
have been announced—a population
reproductive-carrier-screening pro-
gram and a cardiovascular-disease
flagship project—and an additional
AU$26M (US$18.4M) of funding has
been granted to Australian Genomics
for these.
United States
The US has a mixed private and public
healthcare system and has invested in
genomic-medicine implementation
since 2011 with the launch of the
new strategic plan of the National
Human Genome Research Institute
(NHGRI).17 NHGRI’s genomic-medi-
cine programs aim to identify barriers
to implementationof genomics in clin-
ical care anddevelop solutions andbest
practices for widespread dissemina-
tion. Many of these landmark projects
have recently reported results, estab-
lishing evaluation frameworks and
providing evidence on the diagnostic,
clinical, and economic value of
genomic sequencing in specific patient
groups, such ashealthy andacutelyun-
well newborns;18–22 individuals with
complex, undiagnosed rare genetic
conditions;23,24 and those in specific
healthcare settings, such as primary-
careandcardiologyclinics.25–27NHGRI
projects are also addressing specific evi-
dence gaps in the clinical delivery of
genomic testing, such as the the return
of secondary findings,28–30 inter-labo-
ratory consistency in variant interpre-
tation,31,32 integration of genomic
resources with electronic records,33
and sharing implementation and eval-
uation experience more broadly.34–37n Genetics 104, 13–20, January 3, 2019 15
Tools for electronic phenotyping
(Phenotype KnowledgeBase), clinical
decision support (Clinical Decision
Support KnowledgeBase), and imple-
mentation in resource-limited settings
(IGNITE SPARK Toolbox) are openly
available, and ClinGen plays a central
role internationally in curating and
disseminating consensus informa-
tion on clinically relevant genes and
variants.38–41
The Precision Medicine Initiative
All of Us Research Program, initially
funded through a special congres-
sional appropriation of US$500M to
the National Institutes of Health in
2016–2017, has now launched
throughout the US and has an
additional funding commitment of
US$1.455B. All of Us is engaging
1,000,000 volunteers of all life stages,
health statuses, races and ethnicities,
and geographic regions, reflecting
the human diversity of the US. Mobi-
lizing rich and constantly evolving
data—from electronic health records,
biospecimens, and questionnaires to
physical evaluations, sensors, and
other technologies—the program will
support research at the intersection
of lifestyle, environment, and ge-
netics to produce new knowledge,
leading to the development of inno-
vative prevention strategies and treat-
ments. Both genotyping and WGS are
being evaluated as testing modalities
initially.
Genomic Medicine in the Private
Sector
The increased integration of genomics
into public healthcare systems is
mirrored by an explosion in the use
of genomics in the private sector,
particularly in the US. Geisinger
Health System’s MyCode project,
which began as a partnership with Re-
generon Pharmaceuticals to perform
exome sequencing in 100,000 Gei-
singer patients and use the results for
drug discovery and clinical care,42
has recently expanded to all consent-
ing Geisinger patients. Foundation
Medicine has developed a number of
genomics-based tests in the domain
of precision cancer medicine while
also contributing to public databases,16 The American Journal of Human Geneticssuch as the National Cancer Institute’s
Genomic Data Commons. Direct-to-
consumer (DTC) testing companies,
such as 23andMe and Ancestry,
capture significant health-related
genomic information, but public and
clinician responses to DTC genomics
have been variable.43–45
International Collaboration to
Accelerate the Implementation of
Genomics into Healthcare
The above-mentioned implementa-
tion approaches and priorities of
genomic-medicine initiatives in
high-income countries might not
necessarily be applicable to low and
middle-income countries.46 Yet, broad
implementation will be crucial in
building representative population
reference datasets that improve
variant interpretation globally47 and
in accelerating the discovery of genes
associated with rare disease, particu-
larly in populations where consan-
guinity is common.48 Implementa-
tion in a range of economic and
social contexts will also help address
health priority areas with a major
contribution to global disease burden,
including host-pathogen interactions
in infectious diseases; common
monogenic disorders, such as sickle
cell disease and thalassemias; and
complex conditions, including hy-
pertension, dyslipidemia, diabetes,
stroke, and kidney disease. The Global
Genomic Medicine Collaborative is
working to identify and share
genomic-medicine implementation
activities around the globe, including
those in under-resourced areas. Na-
tional initiatives, even in resource-
limited settings, can often move
more quickly in response to specific
local health needs.5 The Southeast
Asian Pharmacogenomics Research
Network, for example, is a multina-
tional collaboration focused on phar-
macogenomic risk alleles present at
high frequencies in Southeast Asian
populations.49 The Human Heredity
and Health in Africa initiative, a
large-scale multinational sequencing
project that pools infrastructure and
human resources, harmonizes data
collection, and accelerates capacity104, 13–20, January 3, 2019development, provides another suc-
cessful implementation model in
low-resource settings.50
All of these large-scale initiatives
have the opportunity to transform
healthcare systems by integrating
genomic technologies into clinical
care. However, with this comes the re-
sponsibility to do so efficiently and
effectively and to share knowledge
and experience. Concerns about over-
promising (‘‘genohype’’)51 and the
perceived desire to exempt genomic
testing from requirements for robust
evidence, leading to misallocation
of healthcare resources,52 have been
raised. Delays in program evaluation
mean that clinical implementation
and policy development proceed
uninformed by evidence, potentially
resulting in inappropriate testing,
poor-quality data interpretation,
siloed data, and funding arrange-
ments that entrench existing heath-
care inequalities. Healthcare sys-
tems are already struggling with
evidence-based medicine, and the
absorptive capacity of frontline clin-
ical teams looms large as a key chal-
lenge.53 Almost all of the initiatives
discussed here are subject to time-
limited funding, with the danger of
creating momentum for genomic
medicine, without the guarantee of
sustainable healthcare resource allo-
cation.
The scale of the implementation
challenge is formidable. Sharing
data, tools, experience, and knowl-
edge to create a global ‘‘learning
health system’’ is essential if we are
to effectively accelerate and sustain
the integration of genomics into
healthcare. Collaborations across
multiple areas are already under way
(Box 1), but here we will focus on dis-
cussing two key priorities: evidence
generation and data sharing.
Building the Evidence Base for Imple-
mentation of Genomics in Healthcare
The paucity of evidence for the clin-
ical utility of genomic testing, and
the resultant lack of alignment of
reimbursement methods to drive
transformational change in health-
care, remains a principal barrier
to implementation.3,5 National-level
Box 1. National Genomic-Medicine Initiatives: Collaborative ‘‘Cross-Country’’ Projects Currently Underway
d Align research protocols to enable discovery across larger datasets, as well as compare outcome measures such as
diagnostic and clinical utility, cost effectiveness, and patient- and family-reported outcomes (Genomics En-
gland, Australian Genomics, NHGRI Newborn Sequencing in Genomic Medicine and Public Health)
d Evaluate new sequencing and computational methods for clinical use (Genomics England and French Genomic
Medicine Plan)
d Harmonize collection of clinical and phenotypic data: define the minimum clinical dataset required for inter-
preting genomic tests and the health informatics infrastructure required for data capture and exchange (Austra-
lian Genomics and Genomics England)
d Improve understanding of variant- and gene-disease associations by sharing the curation effort, developing
common data models to capture evidence, and contributing to public knowledge repositories (NHGRI ClinGen,
Genomics England, and Australian Genomics)
d Develop an evaluation framework for assessing existing educational resources (Australian Genomics and Geno-
mics England); enable broader access, particularly to early adopters in countries with emerging genomic-medi-
cine programs
d Develop strategies and capture experience in engaging culturally and linguistically diverse populations, indige-
nous populations, the general public, patients, professionals, and funders (Australian Genomics, Genomics
England, NHGRI, All of Us, and Japan Agency for Medical Research and Development [AMED])
d Compare national consent procedures: reduce unnecessary heterogeneity, identify common features that repre-
sent best practices to allow global data sharing, and explore new models such as dynamic consent platforms
(Australian Genomics, Genomics England, Swiss Personalized Medicine Network, and Japan AMED)initiatives have an important role in
presenting a unified voice to govern-
ments to inform future policy
development and service planning.
Outcome evaluation of patient co-
horts is a key priority to inform policy
decisions but is hampered by a lack of
consensus on standard criteria against
which the effectiveness of genomic
interventions should be evaluated
and reported.54,55 There is a need to
develop and share evaluation meth-
odologies specific to different disease
groups,56 funding contexts, and
healthcare systems. Although some
data are already available on diag-
nostic yields, short-term clinical util-
ity, and cost effectiveness in small
cohorts,12,13,15,16 more data are
needed on longer-term health out-
comes following genomic testing,
including measures such as the devel-
opment and progression of disease,
quality-adjusted life years gained, pa-
tient empowerment, impact on fam-
ilies, and downstream cost effects on
healthcare systems14,25 and society.
National genomics initiatives also
provide the opportunity to assess the
evidence for and against particular ap-
proaches for effective, sustainable
implementation.57 The frameworkdeveloped by NHS England in
conjunction with Genomics England
to commission WGS for routine care
provides an early example of inte-
grating the clinical evidence base
with operational and financial consid-
erations.
Genomic Data Sharing
The importance of breaking down
data silos to accelerate the develop-
ment of knowledge databases that
directly improve patient outcomes
cannot be underestimated.9 Genomic
data generated within healthcare set-
tings are subject to strict national reg-
ulatory frameworks that are unlikely
to allow large-scale data migration,
and innovative solutions are neces-
sary to enable federated data anal-
ysis without data movement across
geographical borders58 while main-
taining public trust.59 National
genomic-medicine programs have
the opportunity to resource and pro-
mote best practices in data sharing
by structuring data access and consent
processes, collecting clinical and
genomic data in interoperable for-
mats, committing to global data
sharing, and informing public debate
and policy development. GA4GH
recently launched a 5 year strategicThe American Journal of Humaplan—GA4GH Connect—that focuses
on the development of standards for
responsible sharing of clinical-grade
meta-, genomic, and phenotypic
data. GA4GH toolkits provide a frame-
work to enable transparent, respon-
sible, and accountable data sharing,
as well as practical specifications for
genomic data formats and standards
for interoperable exchange. Genomics
England, Australian Genomics, and
All of Us serve as early Driver Projects
for GA4GH to inform the iterative
development of tools and policies for
data sharing, test them under real
conditions, and disseminate best
practices.
Conclusions
It takes an average of 17 years for
research evidence to be implemented
in clinical practice.60 We have a global
responsibility to accelerate the imple-
mentation of genomic medicine and
enable the timely realization of the
benefits of genomics for individual
patients, families, and healthcare sys-
tems. Technical standards and policy
guidance are high priorities at this
crucial inflection point to enable a
shift in the global community
toward more responsible and effectiven Genetics 104, 13–20, January 3, 2019 17
sharing of genomic, epidemiological,
and clinical data and facilitate evi-
dence-based implementation. Na-
tional genomic-medicine initiatives,
in partnership with GA4GH and other
regional and global alliances, have
an important role in strengthening
an international collaborative net-
work and creating a global learning
healthcare system to enable rapid
translation.Supplemental Data
Supplemental Data include one table and
can be found with this article online at
https://doi.org/10.1016/j.ajhg.2018.11.014.Acknowledgments
The Australian Genomics Health Alliance
is supported by the Australian National
Health and Medical Research Council
(GNT1113531). The 100,000 Genomes
Project ismanaged byGenomics England (a
wholly owned company of the Depart-
ment of Health). It is funded by the Na-
tional Institute for Health Research and
NHS England. The Wellcome Trust, Cancer
Research UK, and Medical Research Coun-
cil have also funded research infrastruc-
ture. The 100,000 Genomes Project uses
data provided by patients and collected
by the National Health Service as part of
their care and support. M.L. is funded by
Health Data Research UK.Declaration of interests
E.B. reports consultancies to Oxford
Nanopore, GlaxoSmithKline, and
Dovetail Genomics; M.L. reports per-
sonal fees (unrelated to the current
work) from Pfizer.Web Resources:
All of Us Research Program, https://allofus.
nih.gov
Australian Genomics, https://www.
australiangenomics.org.au
French Genomic Medicine Plan, http://
solidarites-sante.gouv.fr/IMG/pdf/
genomic_medicine_france_2025.pdf
Geisinger Health, https://www.geisinger.
edu/research
Genomics England, https://www.
genomicsengland.co.uk
Global Alliance for Genomics and Health,
http://www.ga4gh.org18 The American Journal of Human GeneticsGlobal Genomic Medicine Collaborative,
https://g2mc.org/
Health Education England, https://www.
genomicseducation.hee.nhs.uk
NHGRI Clinical Decision Support Knowl-
edgeBase, https://cdskb.org/
NHGRI Genomic Medicine, https://www.
genome.gov/27551170
NHGRI IGNITE Spark Toolbox, https://
ignite-genomics.org/spark-toolbox
NHGRI Phenotype KnowledgeBase, https://
phekb.org/References
1. Birney, E., Vamathevan, J., and Good-
hand, P. (2017). Genomics in health-
care: GA4GH looks to 2022. bioRxiv.
https://doi.org/10.1101/203554.
2. Gaff, C.L.M., M Winship, I., M Forr-
est, S., P Hansen, D., Clark, J., M
Waring, P., South, M., and H Sinclair,
A. (2017). Preparing for genomic
medicine: a real world demonstration
of health system change. NPJ Genom
Med 2, 16.
3. Manolio, T.A., Abramowicz, M., Al-
Mulla, F., Anderson, W., Balling, R.,
Berger, A.C., Bleyl, S., Chakravarti, A.,
Chantratita, W., Chisholm, R.L., et al.
(2015). Global implementation of
genomic medicine: We are not alone.
Sci. Transl. Med. 7, 290ps13.
4. Ginsburg, G. (2014). Medical geno-
mics: Gather and use genetic data in
health care. Nature 508, 451–453.
5. Manolio, T.A., Chisholm, R.L., Ozen-
berger, B., Roden, D.M., Williams,
M.S., Wilson, R., Bick, D., Bottinger,
E.P., Brilliant, M.H., Eng, C., et al.
(2013). Implementing genomic medi-
cine in the clinic: the future is here.
Genet. Med. 15, 258–267.
6. Turnbull, C., Scott, R.H., Thomas, E.,
Jones, L., Murugaesu, N., Pretty, F.B.,
Halai, D., Baple, E., Craig, C., Hamblin,
A., et al.; 100c000 Genomes Project
(2018). The 100c000 Genomes Project:
bringing whole genome sequencing to
the NHS. BMJ 361, k1687.
7. Davies, S.C. (2017). Annual report
of the chief medical officer 2016:
generation genome (Department
of Health). https://www.gov.uk/
government/publications/chief-medical-
officer-annual-report-2016-generation-
genome.
8. Australian Government Department of
Health (2017). National Health Geno-
mics Policy Framework 2018–2021.
http://www.health.gov.au/internet/main/104, 13–20, January 3, 2019publishing.nsf/Content/national-health-
genomics-policy-framework-2018-2021.
9. Global Alliance for Genomics and
Health (2016). GENOMICS. A feder-
ated ecosystem for sharing genomic,
clinical data. Science 352, 1278–
1280.
10. Philippakis, A.A., Azzariti, D.R., Bel-
tran, S., Brookes, A.J., Brownstein,
C.A., Brudno, M., Brunner, H.G.,
Buske, O.J., Carey, K., Doll, C., et al.
(2015). The Matchmaker Exchange: a
platform for rare disease gene discov-
ery. Hum. Mutat. 36, 915–921.
11. Landrum, M.J., Lee, J.M., Benson, M.,
Brown, G., Chao, C., Chitipiralla, S.,
Gu, B., Hart, J., Hoffman, D., Hoover,
J., et al. (2016). ClinVar: public archive
of interpretations of clinically relevant
variants. Nucleic Acids Res. 44 (D1),
D862–D868.
12. Stark, Z., Lunke, S., Brett, G.R., Tan,
N.B., Stapleton, R., Kumble, S., Yeung,
A., Phelan, D.G., Chong, B., Fanjul-
Fernandez, M., et al. (2018). Meeting
the challenges of implementing rapid
genomic testing in acute pediatric
care. Genet. Med. https://doi.org/10.
1038/gim.2018.37.
13. Stark, Z., Schofield, D., Alam, K., Wil-
son, W., Mupfeki, N., Macciocca, I.,
Shrestha, R., White, S.M., and Gaff,
C. (2017). Prospective comparison
of the cost-effectiveness of clinical
whole-exome sequencing with that of
usual care overwhelmingly supports
early use and reimbursement. Genet.
Med. 19, 867–874.
14. Stark, Z., Schofield, D., Martyn, M., Ry-
nehart, L., Shrestha, R., Alam, K.,
Lunke, S., Tan, T.Y., Gaff, C.L., and
White, S.M. (2018). Does genomic
sequencing early in the diagnostic tra-
jectory make a difference? A follow-up
study of clinical outcomes and cost-
effectiveness. Genet. Med. https://doi.
org/10.1038/s41436-018-0006-8.
15. Stark, Z., Tan, T.Y., Chong, B., Brett,
G.R., Yap, P., Walsh, M., Yeung, A., Pe-
ters, H., Mordaunt, D., Cowie, S., et al.;
Melbourne Genomics Health Alliance
(2016). A prospective evaluation of
whole-exome sequencing as a first-
tier molecular test in infants with sus-
pected monogenic disorders. Genet.
Med. 18, 1090–1096.
16. Tan, T.Y., Dillon, O.J., Stark, Z., Scho-
field, D., Alam, K., Shrestha, R., Chong,
B., Phelan, D., Brett, G.R., Creed, E.,
et al. (2017). Diagnostic impact and
cost-effectiveness of whole-exome
sequencing for ambulant children
with suspectedmonogenic conditions.
JAMA Pediatr. 171, 855–862.
17. Green, E.D., Guyer, M.S.; and National
Human Genome Research Institute
(2011). Charting a course for genomic
medicine from base pairs to bedside.
Nature 470, 204–213.
18. Ceyhan-Birsoy, O., Machini, K., Lebo,
M.S., Yu, T.W., Agrawal, P.B., Parad,
R.B., Holm, I.A., McGuire, A., Green,
R.C., Beggs, A.H., and Rehm, H.L.
(2017). A curated gene list for report-
ing results of newborn genomic
sequencing. Genet. Med. 19, 809–818.
19. Genetti, C.A., Schwartz, T.S., Robin-
son, J.O., VanNoy, G.E., Petersen, D.,
Pereira, S., Fayer, S., Peoples, H.A.,
Agrawal, P.B., Betting, W.N., et al.;
BabySeq Project Team (2018). Parental
interest in genomic sequencing of
newborns: enrollment experience
from the BabySeq Project. Genet.
Med. https://doi.org/10.1038/s41436-
018-0105-6.
20. Holm, I.A., Agrawal, P.B., Ceyhan-Bir-
soy, O., Christensen, K.D., Fayer, S.,
Frankel, L.A., Genetti, C.A., Krier, J.B.,
LaMay, R.C., Levy, H.L., et al.; BabySeq
Project Team (2018). The BabySeq
project: implementing genomic se-
quencing in newborns. BMC Pediatr.
18, 225.
21. Petrikin, J.E., Cakici, J.A., Clark, M.M.,
Willig, L.K., Sweeney, N.M., Farrow,
E.G., Saunders, C.J., Thiffault, I.,
Miller, N.A., Zellmer, L., et al. (2018).
The NSIGHT1-randomized controlled
trial: rapid whole-genome sequencing
for accelerated etiologic diagnosis
in critically ill infants. NPJ Genom
Med 3, 6.
22. Berg, J.S., Agrawal, P.B., Bailey, D.B. Jr.,
Beggs, A.H., Brenner, S.E., Brower,
A.M., Cakici, J.A., Ceyhan-Birsoy, O.,
Chan, K., Chen, F., et al. (2017).
Newborn sequencing in genomicmed-
icine and public health. Pediatrics 139,
e20162252.
23. Splinter, K., Adams, D.R., Bacino, C.A.,
Bellen, H.J., Bernstein, J.A., Cheatle-
Jarvela, A.M., Eng, C.M., Esteves, C.,
Gahl, W.A., Hamid, R., et al.; Undi-
agnosed Diseases Network (2018).
Effect of genetic diagnosis on patients
with previously undiagnosed disease.
N. Engl. J. Med. 379, 2131–2139.
24. Shashi, V., Schoch, K., Spillmann, R.,
Cope, H., Tan, Q.K., Walley, N., Pena,
L., McConkie-Rosell, A., Jiang, Y.H.,
Stong, N., et al.; Undiagnosed Diseases
Network (2018). A comprehensive iter-
ative approach is highly effective indiagnosing individuals who are exome
negative. Genet. Med. https://doi.org/
10.1038/s41436-018-0044-2.
25. Christensen, K.D., Vassy, J.L., Phillips,
K.A., Blout, C.L., Azzariti, D.R., Lu,
C.Y., Robinson, J.O., Lee, K., Douglas,
M.P., Yeh, J.M., et al. (2018). Short-
term costs of integrating whole-
genome sequencing into primary care
and cardiology settings: a pilot ran-
domized trial. Genet. Med. https://
doi.org/10.1038/gim.2018.35.
26. Christensen, K.D., Phillips, K.A.,
Green, R.C., and Dukhovny, D.
(2018). Cost analyses of genomic
sequencing: lessons learned from the
MedSeq Project. Value Health 21,
1054–1061.
27. Roberts, J.S., Robinson, J.O., Diamond,
P.M., Bharadwaj, A., Christensen, K.D.,
Lee, K.B., Green, R.C., McGuire, A.L.;
and MedSeq Project team (2018). Pa-
tient understanding of, satisfaction
with, and perceived utility of whole-
genome sequencing: findings from
the MedSeq Project. Genet. Med. 20,
1069–1076.
28. Hart, M.R., Biesecker, B.B., Blout, C.L.,
Christensen, K.D., Amendola, L.M.,
Bergstrom, K.L., Biswas, S., Bowling,
K.M., Brothers, K.B., Conlin, L.K.,
et al. (2018). Secondary findings from
clinical genomic sequencing: preva-
lence, patient perspectives, family
history assessment, and health-care
costs from a multisite study. Genet.
Med. https://doi.org/10.1038/s41436-
018-0308-x.
29. Berg, J.S., Amendola, L.M., Eng, C.,
Van Allen, E., Gray, S.W., Wagle, N.,
Rehm, H.L., DeChene, E.T., Dulik,
M.C., Hisama, F.M., et al.; Members
of the CSER Actionability and Return
of Results Working Group (2013).
Processes and preliminary outputs
for identification of actionable genes
as incidental findings in genomic
sequence data in the Clinical
Sequencing Exploratory Research Con-
sortium. Genet. Med. 15, 860–867.
30. Porter, K.M., Kauffman, T.L., Koenig,
B.A., Lewis, K.L., Rehm, H.L., Richards,
C.S., Strande, N.T., Tabor, H.K., Wolf,
S.M., Yang, Y., et al.; members of the
CSER Actionability and Return of
Results Working Group (2018). Ap-
proaches to carrier testing and results
disclosure in translational genomics
research: The clinical sequencing
exploratory research consortium expe-
rience. Mol. Genet. Genomic Med.
https://doi.org/10.1002/mgg3.453.The American Journal of Huma31. Amendola, L.M., Jarvik,G.P., Leo,M.C.,
McLaughlin, H.M., Akkari, Y., Amaral,
M.D., Berg, J.S., Biswas, S., Bowling,
K.M., Conlin, L.K., et al. (2016). Perfor-
mance of ACMG-AMP variant-inter-
pretation guidelines among nine labo-
ratories in the clinical sequencing
Exploratory Research Consortium.
Am. J. Hum. Genet. 98, 1067–1076.
32. O’Daniel, J.M., McLaughlin, H.M.,
Amendola, L.M., Bale, S.J., Berg, J.S.,
Bick, D., Bowling, K.M., Chao, E.C.,
Chung, W.K., Conlin, L.K., et al.
(2017). A survey of current practices
for genomic sequencing test interpreta-
tion and reporting processes in US lab-
oratories. Genet. Med. 19, 575–582.
33. Rasmussen, L.V., Overby, C.L., Con-
nolly, J., Chute, C.G., Denny, J.C., Frei-
muth, R., Hartzler, A.L., Holm, I.A.,
Manzi, S., Pathak, J., et al. (2016). Prac-
tical considerations for implementing
genomic information resources. Expe-
riences from eMERGE and CSER.
Appl. Clin. Inform. 7, 870–882.
34. Green, R.C., Goddard, K.A.B., Jarvik,
G.P., Amendola, L.M., Appelbaum,
P.S., Berg, J.S., Bernhardt, B.A., Bie-
secker, L.G., Biswas, S., Blout, C.L.,
et al.; CSER Consortium (2016). Clin-
ical sequencing exploratory research
consortium: accelerating evidence-
based practice of genomic medicine.
Am. J. Hum. Genet. 98, 1051–1066.
35. Wolf, S.M., Amendola, L.M., Berg, J.S.,
Chung, W.K., Clayton, E.W., Green,
R.C., Harris-Wai, J., Henderson, G.E.,
Jarvik, G.P., Koenig, B.A., et al.
(2018). Navigating the research-clin-
ical interface in genomic medicine:
analysis from the CSER Consortium.
Genet. Med. 20, 545–553.
36. Orlando, L.A., Sperber, N.R., Voils, C.,
Nichols, M., Myers, R.A., Wu, R.R.,
Rakhra-Burris, T., Levy, K.D., Levy,
M., Pollin, T.I., et al. (2018). Devel-
oping a common framework for evalu-
ating the implementation of genomic
medicine interventions in clinical
care: the IGNITE Network’s Common
Measures Working Group. Genet.
Med. 20, 655–663.
37. Sperber, N.R., Carpenter, J.S., Cavallari,
L.H., J Damschroder, L., Cooper-DeH-
off, R.M., Denny, J.C., Ginsburg, G.S.,
Guan, Y., Horowitz, C.R., Levy, K.D.,
et al. (2017). Challenges and strategies
for implementing genomic services in
diverse settings: experiences from the
Implementing GeNomics In pracTicE
(IGNITE) network. BMC Med. Geno-
mics 10, 35.n Genetics 104, 13–20, January 3, 2019 19
38. Dolman, L., Page, A., Babb, L., Frei-
muth, R.R., Arachchi, H., Bizon, C.,
Brush, M., Fiume, M., Haendel, M.,
Hansen, D.P., et al. (2018). ClinGen
advancing genomic data-sharing stan-
dards as a GA4GH driver project.
Hum. Mutat. 39, 1686–1689.
39. Harrison, S.M., Dolinksy, J.S., Chen,
W., Collins, C.D., Das, S., Deignan,
J.L., Garber, K.B., Garcia, J., Jarinova,
O., Knight Johnson, A.E., et al.;
ClinGen Sequence Variant Inter-Labo-
ratory Discrepancy Resolution Work-
ing Group (2018). Scaling resolution
of variant classification differences in
ClinVar between 41 clinical labora-
tories through an outlier approach.
Hum. Mutat. 39, 1641–1649.
40. Landrum, M.J., and Kattman, B.L.
(2018). ClinVar at five years: Deliv-
ering on the promise. Hum. Mutat.
39, 1623–1630.
41. Strande, N.T., Riggs, E.R., Buchanan,
A.H., Ceyhan-Birsoy, O., DiStefano,
M., Dwight, S.S., Goldstein, J., Ghosh,
R., Seifert, B.A., Sneddon, T.P., et al.
(2017). Evaluating the clinical validity
of gene-disease associations: an evi-
dence-based framework developed by
the clinical genome resource. Am. J.
Hum. Genet. 100, 895–906.
42. Carey, D.J., Fetterolf, S.N., Davis, F.D.,
Faucett, W.A., Kirchner, H.L., Mir-
shahi, U., Murray, M.F., Smelser, D.T.,
Gerhard, G.S., and Ledbetter, D.H.
(2016). The Geisinger MyCode com-
munity health initiative: an electronic
health record-linked biobank for preci-
sion medicine research. Genet. Med.
18, 906–913.
43. Levenson, D. (2016). 23andMe mar-
kets carrier screening service directly
to consumers: Service offers results on
carrier status, raises concerns among
geneticists. Am. J. Med. Genet. A.
170A, 293–294.
44. Tandy-Connor, S., Guiltinan, J.,
Krempely, K., LaDuca, H., Reineke, P.,
Gutierrez, S., Gray, P., and Tippin Da-
vis, B. (2018). False-positive results
released by direct-to-consumer genetic
tests highlight the importance of clin-
ical confirmation testing for appro-
priate patient care. Genet. Med.
https://doi.org/10.1038/gim.2018.38.20 The American Journal of Human Genetics45. Roberts, J.S., Gornick, M.C., Carere,
D.A., Uhlmann, W.R., Ruffin, M.T.,
and Green, R.C. (2017). Direct-to-con-
sumer genetic testing: user motiva-
tions, decision making, and perceived
utility of results. Public Health Geno-
mics 20, 36–45.
46. Horton, S., Sullivan, R., Flanigan, J.,
Fleming, K.A., Kuti, M.A., Looi, L.M.,
Pai, S.A., and Lawler, M. (2018). Deliv-
ering modern, high-quality, affordable
pathology and laboratory medicine to
low-income and middle-income coun-
tries: a call to action. Lancet 391,
1953–1964.
47. Landry, L.G., Ali, N., Williams, D.R.,
Rehm, H.L., and Bonham, V.L.
(2018). Lack of diversity in genomic
databases is a barrier to translating pre-
cision medicine research into practice.
Health Aff. (Millwood) 37, 780–785.
48. Maddirevula, S., Alzahrani, F., Al-
Owain, M., Al Muhaizea, M.A., Kayyali,
H.R., AlHashem, A., Rahbeeni, Z.,
Al-Otaibi, M., Alzaidan, H.I., Balobaid,
A., et al. (2018). Autozygome and high
throughput confirmation of disease
genes candidacy. Genet. Med. https://
doi.org/10.1038/s41436-018-0138-x.
49. Sukasem, C., Katsila, T., Tempark, T.,
Patrinos, G.P., and Chantratita, W.
(2018). Drug-induced Stevens-John-
son syndrome and toxic epidermal
necrolysis call for optimum patient
stratification and theranostics via
pharmacogenomics. Annu. Rev. Geno-
mics Hum. Genet. 19, 329–353.
50. Mulder, N., Abimiku, A., Adebamowo,
S.N., de Vries, J., Matimba, A., Olo-
woyo, P., Ramsay, M., Skelton, M.,
and Stein, D.J. (2018). H3Africa: cur-
rent perspectives. Pharm. Genomics
Pers. Med. 11, 59–66.
51. Joyner, M.J., Paneth, N., and Ioanni-
dis, J.P. (2016). What happens when
underperforming big ideas in research
become entrenched? JAMA 316,
1355–1356.
52. Wilson, B.J., Miller, F.A., and Rousseau,
F. (2017). Controversy and debate on
clinical genomics sequencing-paper 1:
genomics is not exceptional: rigorous
evaluations are necessary for clinical
applications of genomic sequencing.
J. Clin. Epidemiol. 92, 4–6.104, 13–20, January 3, 201953. Braithwaite, J., Manion, R., Mat-
suyama, Y., Shekelle, P., Whittaker, S.,
and Al-Adawi, S. (2018). Health sys-
tems improvement across the globe:
success stories from 60 countires
(CRC Press).
54. ACMG Board of Directors (2015).
Clinical utility of genetic and genomic
services: a position statement of the
American College of Medical Genetics
and Genomics. Genet. Med. 17,
505–507.
55. Dotson, W.D., Bowen, M.S., Kolor, K.,
and Khoury, M.J. (2016). Clinical util-
ity of genetic and genomic services:
context matters. Genet. Med. 18,
672–674.
56. Friedman, J.M., Bombard, Y., Cornel,
M.C., Fernandez, C.V., Junker, A.K.,
Plon, S.E., Stark, Z., Knoppers, B.M.;
and Paediatric Task Team of the Global
Alliance for Genomics and Health Reg-
ulatory and Ethics Work Stream
(2018). Genome-wide sequencing
in acutely ill infants: genomic medi-
cine’s critical application? Genet.
Med. https://doi.org/10.1038/s41436-
018-0055-z.
57. National Academies of Sciences,
Engineering, and Medicine (2016).
Applying an implementation science
approach to genomic medicine: work-
shop summary (National Academy
Press).
58. Lawler, M., Haussler, D., Siu, L.L.,
Haendel, M.A., McMurry, J.A., Knop-
pers, B.M., Chanock, S.J., Calvo, F.,
The, B.T., Walia, G., et al.; Clinical
Cancer Genome Task Team of the
Global Alliance for Genomics and
Health (2017). Sharing clinical and
genomic data on cancer - the need for
global solutions. N. Engl. J. Med. 376,
2006–2009.
59. Lawler, M., Morris, A.D., Sullivan, R.,
Birney, E., Middleton, A., Makaroff,
L., Knoppers, B.M., Horgan, D., and
Eggermont, A. (2018). A roadmap for
restoring trust in Big Data. Lancet
Oncol. 19, 1014–1015.
60. Morris, Z.S., Wooding, S., and Grant, J.
(2011). The answer is 17 years, what is
the question: understanding time lags
in translational research. J. R. Soc.
Med. 104, 510–520.
